Purpose: Primary carnitine deficiency is an autosomal recessive disorder of fatty acid oxidation resulting from defective carnitine transport. This disease is caused by mutations in the carnitine transporter gene SLC22A5. The objective of this study was to extend mutational analysis to four additional families with this disorder and determine whether recurrent mutations could be found. Methods: The SLC22A5 gene encoding the OCTN2 carnitine transporter was sequenced, and the missense mutations identified were expressed in Chinese hamster ovary (CHO) cells. Results: DNA sequencing revealed four novel mutations (Y4X; dup 254 -264, 133X; R19P; R399Q).
Primary carnitine deficiency (OMIM: 212140) is an autosomal recessive disorder of fatty acid oxidation caused by defective carnitine transport. 1 Carnitine is essential for the transfer of long-chain fatty acids from the cytosol to mitochondria for subsequent beta oxidation. The lack of carnitine impairs the ability to use fat as fuel during periods of fasting or stress. This condition can result in an acute metabolic decompensation early in life with hypoketotic hypoglycemia, Reye syndrome, and sudden infant death, or in a more insidious presentation, later in life, with skeletal or cardiac myopathy. The clinical disease can be prevented if the diagnosis is established early and the patient is started on adequate carnitine supplements. 1 Recent studies indicate that many of these patients are likely to be missed by newborn screening programs using electrospray tandem mass spectrometry (MS/MS) for the measurement of free carnitine. 2 A screening based on the identification of the molecular, rather than biochemical, defect would be ideal.
The gene for primary carnitine deficiency, SLC22A5, maps to chromosome 5q31 and encodes a novel organic cation transporter OCTN2 (OMIM: 603377). 3, 4 Different mutations in the SLC22A5 gene have been identified in patients with primary carnitine deficiency. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These mutations define functional domains of the transporter important for carnitine recognition and energization by sodium, 15 in addition to allowing precise diagnosis within affected families. In most cases, families have private mutations. However, in a few cases, the same mutation was found in unrelated patients. 6, 8, 9, 12 If a small group of mutations were responsible for the disease in a defined population, their identification could lead to a timely diagnosis. However, the number of families with carnitine deficiency studied at the molecular levels is still small, and it is unclear whether direct DNA analysis would be feasible.
To address this point, we extend mutational analysis of OCTN2 to four additional families with primary carnitine deficiency. These new families expand the spectrum of phenotypic variability in primary carnitine deficiency and clearly demonstrate that patients with identical mutations can have different age of onset and type of presentation. The additional variations in the DNA sequence identified in this study also indicate that several different mutations are present in defined geographic areas, rendering DNA analysis difficult to pursue for screening purposes.
MATERIALS AND METHODS

Patients
Patient 268 is a Swiss boy diagnosed with cardiomyopathy at 3 years of age after presenting with weakness and respiratory distress. Total carnitine in plasma was Ͻ 3 M. He was placed on replacement therapy with resolution of the clinical picture. There was no known consanguinity.
Patient 909 is an Italian boy who presented at 2 years of age with cardiomyopathy. His initial free carnitine was 1.7 M, with an acylated carnitine of 1 M. A muscle biopsy performed at time of presentation indicated low levels of free carnitine (Ͻ0.01, normal 16 Ϯ 3 nmol/mg of noncollagen protein). He was started on carnitine with reversal of the symptoms. He is currently developing and growing well at 12 years of age. His parents are unrelated.
Jer-T is a Jewish girl of Iranian descent who presented at 2 years of age in coma during an episode of gastroenteritis with vomiting and diarrhea. She had moderate hepatomegaly (liver enlarged to 4 cm below the right costal margin) and was hypoglycemic (glucose, 0.6 mM -11 mg/dL). She received intravenous glucose and recovered within 24 hours. At the time of hypoglycemia, plasma free fatty acids were 2.2 mM, ␤-hydroxybutyrate was 1.66 mM, and acetoacetate was 0.7 mM. Plasma urea was 13.5 mM (normal, 3.3-6.5 mM), consistent with mild dehydration. CPK (365 IU/mL; normal range, 0 -170) and liver enzymes (SGOT, 148 IU/mL; normal, 2-60; SGPT, 59 IU/mL; normal, 6 -53) were mildly elevated and normalized within 48 hours. Plasma lactate, pyruvate, and ammonia were normal. Urine organic acid analysis by gas chromatography/mass spectrometry (GC/MS) on a sample taken after the hypoglycemic episode was normal. Three days after admission, she underwent a fasting test (20 hours), which was uneventful. Plasma carnitine was extremely low (free ϭ 1.1-1.3 M, total ϭ 1.7-2.1 M on separate occasions), with inappropriate urinary excretion of carnitine (free, 21.3; total, 26.8 mol/mmol creatinine). MS/MS analysis of acylcarnitines confirmed the deficiency of free carnitine and revealed a virtual absence of all acylcarnitine species apart from acetylcarnitine. Oral carnitine treatment (100 mg/kg per day) increased plasma carnitine levels (free, 21.3-21.8 M; total, 26.8 -37.9 M) and prevented further episodes of hypoglycemia.
Further inquiry revealed that the 4-year-old sister (Jer-H) had weakness of the proximal limb girdle musculature, requiring physical therapy, and developmental delays, involving language skills, concentration, and attention span. She was receiving physical and occupational therapy and attended a special education preschool program. She had previously undergone echocardiography for a systolic heart murmur, due to mild mitral valve regurgitation. Left ventricular size and function was normal. She also had extremely low levels of plasma carnitine (free, 1.7-2.9 M; total, 2.4 -3.2 M) with inappropriately high urinary carnitine excretion (free 12.1, total 13.6 mol/ mol creatinine). She was also started on carnitine with a marked improvement of the muscle tone, general mood, alertness, activity, and concentration span. The parents are first cousins. Both have plasma carnitine levels in the lower range of normal (free, 32.9; total, 40.3 M for the father; free, 35.2; total, 42.3 M for the mother, normal range in adults free, 28 -47 M; total, 37-58 M). They have a normal male child with normal plasma carnitine levels (free, 41.2; total, 52.1 M). The mother has two additional children from a previous marriage (her former husband was not related to her). These two children are phenotypically normal (carnitine levels were not measured).
Patient JGSQ is a 4-year-old Pakistani female who presented at 6 months of age in coma after a 2-day history of intermittent low-grade fever. She was completely unresponsive with no corneal reflexes, and her liver was enlarged to approximately 4 cm below the costal margin. Blood glucose was low at 1.1 mM (20 mg/dL), ammonia was elevated at 149 M. Liver function tests, PT and PTT were mildly increased. Urine analysis indicated traces of ketones. She was given intravenous glucose and responded well, becoming alert the next day. A liver biopsy indicated microvesicular steatosis and glycogen accumulation. Urine organic acids indicated dicarboxylic aciduria. An acylcarnitine profile had no detectable peaks. She was started on carnitine (100 mg/kg per day), which normalized free carnitine levels and the acylcarnitine profile. Carnitine requirements increased over time, and she currently requires 450 mg/kg per day. She has had no additional episodes of significant decompensation. At 4 years of age, she has normal growth and her development is on target. The parents are very closely related, because two of the grand parents are siblings and the other two are aunt and nephew. The couple had an older son who was hospitalized at 5 months of age with dehydration. He responded to intravenous fluids with glucose and was discharged from the hospital. He died at 7 months of age in Pakistan during a subsequent episode. The couple also has a healthy boy and a healthy girl, who was diagnosed at birth as heterozygous for primary carnitine deficiency by measurement of carnitine transport in her fibroblasts.
Cell strains and carnitine transport
Fibroblasts from Patients 268, 909, Jer-T, Jer-H, and JGSQ with primary carnitine deficiency were obtained by skin biopsy for diagnostic purposes. Fibroblasts from other patients with primary carnitine deficiency were obtained as previously described. 6, 11, 12, 16 They were grown in Dulbecco-modified MEM supplemented with 15% fetal bovine serum. Chinese hamster ovary (CHO) cells were grown in Ham F12 medium supplemented with 6% fetal bovine serum. Carnitine (0.5 M) transport was measured at 37ЊC as described previously. 6, 11, 12, 15 Nonsaturable carnitine transport was measured in the presence of 2 mM cold carnitine and was subtracted from total transport to obtain saturable transport. Values are reported as means Ϯ SE of three to six independent determinations.
DNA analysis and molecular techniques
Genomic DNA was extracted from fibroblasts or peripheral blood by standard methods and amplified using polymerase chain reaction (PCR) and primers flanking each of the 10 exons. 11 The primers used for exon 1 were 5'-TGCGCCATATG-TAAGGCCAG-3' and 5'-ATCTGGGAGAGAGGAGCTC-3'. Mutations were confirmed by restriction analysis of independent PCR products. The mammalian expression vector with the green fluorescent protein fused to the C-terminus of OCTN2 was generated as previously described. 15 Mutations were introduced by site-directed mutagenesis using the Quik Change system (Stratagene, La Jolla, CA) following the manufacturer's instructions. The final clones were sequenced to confirm the presence of the mutation and the absence of PCR artifacts. The clones were transfected into CHO cells using lipofectamine. 6, 15 Cells were selected for 2 weeks in 0.8 mg/mL of G418 and then used for the transport assay. Expression of the transgene was verified by the presence of green fluorescent protein detected by fluorescence microscopy. 15 Northern blot analysis and mRNA quantitation were performed on human fibroblasts as previously described. 6, 15 
RESULTS
Carnitine transport and mutations in the SLC22A5 gene in patients with primary carnitine deficiency Carnitine transport was reduced to Ͻ 5% of controls in fibroblasts from Patients 268, 909, Jer-T, and Jer-H, in the range measured in cells from other patients with primary carnitine deficiency (Fig. 1) . DNA was isolated from fibroblast cultures, and the 10 exons of the SLC22A5 gene were sequenced. Patient 268 was homozygous for a duplication of nucleotides 254 -264 (11 nucleotides) in exon 1 (Fig. 2B) . This duplication created a frameshift and resulted in the premature insertion of a STOP codon in position 133 of the predicted cDNA (133X). This duplication did not result in the loss or gain of any restriction site. However, upon digestion of exon 1 with HaeII, it produced a larger band of 112 bp, instead of the normal 101-bp band ( Fig. 2A) . Disappearance of the 101-bp band could not be appreciated due to the presence of an overlapping 102-bp band.
Patient 909 was heterozygous for the 11-bp duplication reported in Patient 268 and for a 56GϾC transversion converting the codon for arginine 19 to proline (R19P, CGCϾCCC). This mutation abolished an HaeII restriction site from exon 1, resulting in the appearance of an undigested band of 271 bp. The patient inherited the R19P mutation from his mother, while the dup 254 -264/133X mutation was inherited from his father.
Patient JGSQ was homozygous for a 12CϾG transversion in exon 1, converting the codon for Tyr 4 to a STOP codon (Y4X, Fig. 3A) . This mutation inserted a novel BfaI restriction site. BfaI digestion of PCR-amplified exon 1 from Patient JGSQ generated two bands of 464 and 203 bp, compared with the normal band of 667 bp. Both parents were heterozygous for this mutation as was the unaffected sister. A healthy brother did not carry the Y4X mutation.
Patients Jer-T and Jer-H were homozygous for a 1196GϾA transition in exon 7, converting the codon for Arg 399 to Gln (R399Q, Fig. 3B ). The R399Q mutation abolished an MspI restriction site in exon 7. After digestion with MspI, the PCRamplified exon 4 of Patients Jer-T and Jer-H had a single band 334 bp, compared with the normal bands of 195 and 139 bp. Both parents were heterozygous for this mutations and had bands of 334, 195, and 139 bp. Southern blot analysis of DNA from Patients 268, 909, JGSQ, and Jer-T failed to identify abnormal bands (data not shown).
Effect of OCTN2 mutations on mRNA levels
Two of the mutations identified caused the premature insertion of a STOP codon either as a result of a single nucleotide change (Y4X) or as a result of a frameshift (dup 254 -264, 133X). The premature insertion of a STOP codon can produce a truncated protein, result in unstable RNA, or cause exon skipping. In cells from two previous patients (2996 and 10665) with primary carnitine deficiency caused by premature STOP Fig. 1 . Carnitine transport by fibroblasts obtained from patients with primary carnitine deficiency. Carnitine (0.5 M) transport was measured for 4 hours at 37ЊC. Nonsaturable transport, measured in the presence of 2 mM cold carnitine, was subtracted from total transport to obtain saturable carnitine transport. Data are means Ϯ SD of six observations. Carnitine transport by cells from the new patients reported in this study is shown on the right. The other patients were previously reported. 6, 11, 12, 16 Carnitine transport by the patients' cells was always significantly different (P Ͻ 0.01, using analysis of variance) from that of the control group (note the broken scale on the Y axis). codons, we demonstrated markedly reduced OCTN2 mRNA levels by RNAse protection assay. 6 Northern blot analysis of poly(A) ϩ RNA from one of these previous patients (10665), used as a positive control, and our new patients with carnitine deficiency is shown in Figure 4 . OCTN2 mRNA levels were markedly decreased in cells from Patients 10665, JGSQ, and 268, while they were normal in cells from Patient Jer-H.
Although the levels of OCTN2 mRNA in fibroblasts from Patient 909 appeared reduced, it was unclear whether this finding was significant in view of the variations in OCTN2 mRNA levels among control cells. Patient 909 is compound heterozygous for a missense (R19P) and a nonsense (dup 254 -264, 133X) mutation. The two alleles should have similar levels of expression if the premature STOP codon did not affect RNA stability. To test this, reverse transcriptase (RT)-PCR products of the region containing the two mutations were digested with HaeII. The R19P mutation resulted in the appearance of a novel 123-bp band, while the dup 254 -264, 133X created a novel band of 112 bp. As seen in Figure 4 , only the 123-bp band was evident in RNA from Patient 909. Because RT-PCR is more sensitive than Northern blot analysis, bands could be seen even for cells of Patient 268. As expected, only the 112-bp band was present in RNA from Patient 268, consistent with homozygosity for the dup 254 -264, 133X mutation. Therefore, it appears that only the R19P allele had significant levels of DNA from both parents and one sister was heterozygous for this mutation, while one brother was homozygous normal. The R399Q mutation abolished an MspI restriction site in exon 7, causing the presence of an undigested fragment of 334 bp (B). Patients Jer-H and Jer-T were homozygous for this mutation, while both related parents were heterozygous. mature RNA in cells from Patient 909. These results indicate that the major effect of the premature insertion of STOP codons (Y4X and 133X) was a decrease in the levels of mature OCTN2 mRNA.
Expression of mutant OCTN2 cDNAs in mammalian cells
To confirm their causative role, the R19P and R399Q mutations were created by site-directed mutagenesis in a mammalian expression vector and transfected into CHO cells (Fig. 5) . Expression of the transfected cDNA was verified by the appearance of green fluorescence in transfected cells. 15 Both mutations produced markedly reduced carnitine transport compared with the wild-type OCTN2 when stably transfected into CHO cells. Analysis of multiple clones indicated that cells expressing the R19P-and R399Q-mutant OCTN2 transporter had residual carnitine transport activity, which, in different experiments, was 3% to 5% of that of the normal OCTN2 cDNA. This residual transport activity is in the range previously measured with the A301D and E452K mutations in OCTN2. 11, 12, 15 
DISCUSSION
Primary carnitine deficiency is an autosomal recessive disorder of fatty acid oxidation that can present at different ages with hypoketotic hypoglycemia and cardiomyopathy and/or skeletal myopathy. This disease is suspected based on reduced levels of carnitine in plasma and confirmed by measurement of carnitine transport in the patient's fibroblasts. Carnitine transport was markedly reduced (Ͻ 5% of normal) in fibroblasts obtained from all our new patients with primary carnitine deficiency (Fig. 1) .
Molecular analysis revealed four novel mutations in the OCTN2 carnitine transporter (Figs. 2, 3 ). Two mutations (Y4X and 133X) resulted in the premature insertion of STOP codons and reduced OCTN2 mRNA levels (Fig. 4) . Two missense mutations (R19P and R399Q) retained minimal residual transport activity when expressed in CHO cells (Fig. 5) . When data from cultured fibroblasts were re-analyzed from the perspective of the mutations identified, cells from patients homozygous or compound heterozygous for missense mutations (Patients 255,430,669,909,1003, Balt-1, Jer-T, Jer-H) had higher residual carnitine transport (80 Ϯ 30 pmol/mL cell water/h) than cells from patients homozygous or compound heterozygous for nonsense mutations (Patients 268, 2996, 10665, JGSQ, 8 Ϯ 4 pmol/mL cell water/h, P Ͻ 0.01 vs. transport in fibroblasts with missense mutations using analysis of variance).
Residual transport activity had no clear effect on the phenotype, and we have previously reported that there is no definite correlation between genotype and phenotype in primary carnitine deficiency. 12 The findings reported in this study confirm and extend this observation. The phenotype and age of onset was similar among the reported patients, irrespective of the type of mutation (missense or nonsense) identified. Different types of presentation have been observed within an individual family. 17 In family Jer, two affected siblings homozygous for the R399Q mutation presented either early in life with hypoglycemic coma or with mild delays later in life. To our knowledge, this is the first time that a child with this disorder has presented with isolated developmental delays. Therefore, primary carnitine deficiency and testing for plasma carnitine levels might be considered in the differential diagnosis for developmental delays.
The new mutations identified expand the list of natural alterations in the OCTN2 carnitine transporter (Fig. 6) . Based on the currently accepted model for the OCTN2 carnitine transporter, 3,4 the novel missense mutations (R19P and R399Q) are located in intracellular domains of the protein with no recognized function. Preliminary experiments indicate that they do not affect recognition of sodium or carnitine (Wang Y., Longo N., unpublished results), and further studies are required to define the specific mechanism by which they impair carnitine transport. Natural mutations have now been identified in most regions of the OCTN2 transporter, but no missense mutation has yet been identified in the predicted extracellular portion of this transmembrane protein. It is unclear if this is due to the limited number of patients examined at a molecular level, or to the fact that variations in the extracellular domain have limited functional significance, or perhaps because the phenotype produced by extracellular mutations differs from the classic phenotype, with patients escaping ascertainment. The study of additional families and mutagenesis of the extracellular domains of this transporter should clarify this point.
Although most families have private mutations, some mutations have been reported more than once. A few mutations have been reported in distinct populations. 6, 8, 9 These mutations likely occur at mutation-prone DNA sequences, 12 because they have occurred on different haplotypes. 8 In other cases, the same mutation recurs in patients with similar genetic backgrounds. The 11-bp deletion in exon 1 was found in two unrelated patients originating from Switzerland and neighbor- ing Northern Italy. In our previous study, the R169W mutation was identified in two unrelated Italian families. 12 In addition, there is an unusually high frequency of homozygosity for mutations in the SLC22A5 gene in families of patients with primary carnitine deficiency and no known consanguinity, 6,9,12-14 including a new patient (Patient 268) reported in this study. A similar phenomenon was observed in the Akita prefecture in Japan, where most families have a combination of a few mutations, 18 a phenomenon attributed to a founder effect and to the social and geographical isolation of the island. In the case of our European patients, it is possible that some of the mutations recurring more than once are very old and could have spread to neighboring geographical areas. The consanguinity detected could be random and due to the limited mobility of families in relatively small geographical areas. With the mutations reported here, five different mutations (R19P, 133X, R169W, A301D, and W351R) have been detected in five different families in a relatively small geographical area consisting of Northern Italy and neighboring Switzerland. This finding suggests that additional mutations may be present in other families with primary carnitine deficiency from the same geographical area and that DNA screening would identify only a portion of patients at risk for this disease. Fig. 6 Mutations in the OCTN2 carnitine transporter in primary carnitine deficiency. The encoded membrane protein is composed of 557 amino acids. Hydropathy analysis suggests that the transporter forms 12 transmembrane spanning domains (rectangles) with both the N-and C-termini facing the cytoplasm. Putative glycosylation sites are indicated by branching, the glucose transporter signature by a rhomboid, and the nucleoside binding site by an oval. Mutations identified in patients with primary carnitine deficiency are indicated by circles. The neo-sequences produced by frameshift mutations are indicated by gray lines before the premature STOP codon. The M179L substitution has a question mark because it does not impair carnitine transport when expressed in CHO cells. 18 
